Background: Chronic recurrent sinusitis (CRS) is one of the most common chronic conditions in the United States. There is a significant subpopulation of CRS patients who remain resistant to cure despite rigorous treatment regimens including surgery, allergy therapy, and prolonged antibiotic therapy. Antimicrobial photodynamic therapy (aPDT) is a noninvasive nonantibiotic broad spectrum antimicrobial treatment. Our previous in vitro studies demonstrated that aPDT reduced CRS polymicrobial biofilm and planktonic bacteria and fungi by > 99.9% after a single treatment. Prior to human treatment however, aPDT treatment must be demonstrated to not result in histologic damage to the sinus ciliated respiratory epithelium. The objective of this study was to demonstrate the safety of aPDT treatment on a living human ciliated respiratory mucosal model (EpiAirway TM ).
INRODUCTION
Chronic recurrent sinusitis (CRS) is an inflammatory disease of the facial sinuses and nasal passages that is defined as lasting longer than 12 weeks or occurring more than four times per year with symptoms usually lasting more than 20 days. 1 The National Institute for Health Statistics estimates that CRS is one of the most common chronic conditions in the United States affecting an estimated 37 million Americans. 2 The potential etiologies of CRS include bacteria, viruses, allergies, fungi, superantigens, exotoxins. and microbial biofilms. Importantly, CRS is also considered to be a significant factor that can exacerbate asthma, chronic lung diseases, eczema, otitis media, and chronic fatigue. [3] [4] [5] [6] [7] In clinical practice there is a significant subpopulation of patients with CRS who remain resistant to cure despite rigorous treatment regimens including surgery, allergy therapy, and prolonged antibiotic therapy. 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] One theory accounting for treatment failure is the destruction of the sinus mucociliary defense by the chronic sinus infection resulting in the development of secondary antibiotic resistant microbial colonization of the sinuses and biofilm formation. 1, [8] [9] [10] [11] [12] [13] 20 It is increasingly reported that methicillin resistant Staphylococcus aureus (MRSA) and multidrug resistant Pseudomonas aeruginosa are found in the clinical isolates of CRS patients and are a cause of antibiotic treatment failures. 1, [8] [9] [10] [11] [12] [13] Numerous investigators have reported the presence of biofilms in the sinuses of patients with CRS and consider biofilm as a cause for the recalcitrant nature of persistent CRS. 1, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Antibiotic resistant strains of these bacteria also significantly contribute to poor clinical results with the presence of antibiotic resistant bacteria in clinical isolates as high as 30%. 23 CRS with its chronic indolent course, resistance to antibiotics, and acute exacerbations has a clinical course that parallels that of other persistent biofilm related-inflammatory diseases. 17, 23 Due to the failure of standard therapies to control and cure CRS, other novel nonantibiotic Our previous studies have demonstrated the in vitro effectiveness of methylene blue based antimicrobial photodynamic therapy (aPDT) as a broad spectrum nonantibiotic polymicrobial treatment that is able to completely eradicate antibiotic-resistant planktonic bacteria and fungi as well as significantly reduce CRS polymicrobial antibiotic-resistant biofilm by >99.9% after a single treatment. 24 Prior to human treatment however, MB aPDT treatment must be demonstrated to be safe and not result in histologic damage to the sinus ciliated respiratory epithelium. The current study sought to examine the histomorphologic effect of MB and MB aPDT on a validated living human ciliated respiratory mucosa model (EpiAirway).
MATERIALS AND METHODS
EpiAirway AFT-100-AFB (MatTek Corp., Ashland, MA), a full thickness human ciliated mucus forming respiratory mucosa culture with 21 days growth without antibacterials or antifungals was used in the study. The EpiAirway grafts were handled per the directions provided by the manufacturer. 25 MatTek's EpiAirway System is the only commercially available in vitro airway tissue model that originates from normal, human-derived tracheal/bronchial epithelial (NHBE) cells which have been cultured to form a 3-dimensional, pseudostratified ciliated highly differentiated model closely resembling the epithelial tissue of the respiratory tract. EpiAirway tissues are ideal for basic cell and molecular biology studies, pharmaceutical target validation, and preclinical toxicity/ efficacy determination, as well as inhalation toxicity studies of occupational or environmental air pollutants and toxins. 25 Epi-Airway provides a cost-effective and FDA-recognized means of assessing various respiratory tract issues while avoiding species extrapolation and the use of laboratory animals. This study was performed to mimic the planned aPDT human sinus treatment with topical application of the MB photosensitizer to the sinus respiratory mucosa followed by the incubation and light conditions. Seven study groups, each with four specimens, were evaluated in order to assess the effect of various treatment conditions on the EpiAirway ciliated respiratory mucosal grafts.
The optimal aPDT treatment conditions for CRS therapy have been previously determined to be MB 0.03% incubated for 3.5 minutes on the sinus mucosa followed by 670nm light at 150 mW/cm 2 for 8 minutes. Therefore the seven study groups consisted of no treatment, phosphate buffered saline (PBS) administered for 11.5 minutes, PBS and 670nm light at 150 mW/cm 2 for 8 minutes, 0.03% MB for 11.5 minutes with no light, 0.09% MB (3X) for 11.5 minutes with no light, 0.3% MB (10X) for 11.5 minutes with no light and 0.03% MB for 3.5 minutes incubation followed by 670nm light at 150 mW/cm 2 for 8 minutes.
After completion of treatment of the EpiAirway -ciliated respiratory mucosal tissue, each entire specimen was fixed in neutral buffered10% formalin, processed, paraffin-embedded, sectioned, H&E stained and mounted. All samples were microscopically sampled and read by a board-certified human pathologist to assess any effect of aPDT on the ciliated respiratory mucosal tissue and pathology reports issued. The pathologist was blinded to any of the treatment conditions on first examination. After completion of the official pathology reports, the treatment conditions were revealed to the pathologist and the histologic slides reexamined. The results were correlated with the treatment parameters using nonparametric tests.
RESULTS
The histomorphological evaluation of the EpiAirway specimens demonstrated persistence of ciliated respiratory epithelium in all the individual specimens for each study group. Intact epithelium with normal-appearing cilia were found in all preparations. (Fig. 1-3 ) Each specimen (including the nontreatment control group) did demonstrate scattered intraepithelial vesicle formation with a few clusters of degenerated epithelial cells within the vesicles (Fig. 4 ). This alteration was presumably unrelated to the aPDT treatments as it was found to a variable degree in all the preparations. In all preparations, there were areas of epithelial attenuation at the margins of individual specimens characterized by a single layer of flattened to low cuboidal epithelium without cilia. When the pathologist was subsequently not blinded to the specific treatment conditions, reevaluation of the slides demonstrated no specific histomorphological findings attributable to a specific treatment condition.
DISCUSSION
CRS is one of the most common chronic conditions in the United States, affecting an estimated 37 million Americans 26 and a significant number of patients with CRS remain resistant to cure despite rigorous treatment regimens including surgery, allergy therapy, and prolonged antibiotic therapy. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] 27 One of the common theories for the cause of recalcitrant CRS is the polymicrobial biofilm colonization of the sinuses resulting in a local inflammatory response, edema, and ultimate infection. Due to the failure of standard therapies to control and cure CRS, other novel nonantibiotic therapies that are able to destroy biofilms and antibiotic resistant bacteria and fungi which contribute to the chronic recurrent nature of CRS are needed. We have previously demonstrated that MB PDT is highly effective in the photoeradication of pathogenic Candida and various antibiotic-resistant gram positive and gram negative bacteria that are commonly associated with chronic recurrent sinusitis. Of importance, the in vitro biofilm studies demonstrated a greater than 6.5 log reduction of antibiotic-resistant multispecie bacterial biofilms after a single PDT treatment. Using a higher MB concentration and lower light parameters achieved greater than 7 logs of bacteria kill using two PDT light treatments. 24 These results demonstrated that MB PDT results in a significant reduction in antibiotic-resistant multispecie bacterial biofilms that are commonly found in CRS. These studies therefore indicated that MB PDT may be an effective treatment method for the control or eradication of antibiotic-resistant bacteria, fungi, and biofilms that are a major contributing cause of CRS. However, prior to human clinical use, MB aPDT treatment must be demonstrated to be safe and not result in histologic damage to the normal sinus ciliated respiratory epithelium.
The photodynamic mechanism of bacterial and fungal cell destruction is by perforation of the cell membrane or wall by PDT-induced singlet oxygen and oxygen radicals, thereby allowing the dye to be further translocated into the cell. Once there, the photodynamic photosensitizer, in its new sites, photodamages inner organelles and induces cell death. 28 This mechanism of action is very acute; [29] [30] [31] [32] [33] [34] thus PDT-related cellular damage can be observed histomorphologically immediately after PDT treatment. Therefore, the present study evaluated the histomorphology of MB aPDT treatment on human ciliated respiratory epithelium as is found in the human paranasal sinuses in order to determine whether there is any effect of MB aPDT treatment on the normal sinus epithelium.
The use of light microscopy to determine the effects of various chemicals and treatments on the histomorphologic structure of nasal and sinus-ciliated respiratory epithelium is well established in the literature. [35] [36] [37] [38] [39] [40] In addition, any changes in the histomorphologic structure of the paranasal sinus epithelium has correlated with functional sinus mucosal changes, such as a change in ciliary beat frequency. [35] [36] [37] [38] [39] [40] Furthermore, the human highly differentiated ciliated respiratory EpiAirway tissues used in this study are ideal for basic cell and molecular biology studies, pharmaceutical target validation, and preclinical toxicity/efficacy determination, as well as inhalation toxicity studies of occupational or environmental air pollutants and toxins. 25 This EpiAirway tissue model provides a cost-effective and FDArecognized means of assessing various respiratory tract issues while avoiding species extrapolation and the use of laboratory animals.
CONCLUSION
The present study of the effect of MB alone and MB aPDT, at concentrations and light doses necessary to treat CRS, on the ciliated respiratory epithelial in vivo EpiAirway tissue demonstrated no histologic evidence of respiratory epithelial damage that could be attributed to aPDT. Intact ciliated respiratory epithelium remained in all instances regardless of study group. Accordingly, we believe that MB aPDT is not associated with significant histological ciliary or epithelial injury and is safe for human treatment. Further studies to evaluate the effect of MB aPDT treatment on ciliary beat frequency are presently underway.
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